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Abstract. The cosmological matter-antimatter asymmetry can arise from the baryon number
conserving CP asymmetry in two body decays of heavy particles, when the two final states
carry equal and opposite baryon number, and one couples directly or indirectly to electroweak
sphalerons so that its baryon asymmetry gets partly reprocessed into a lepton asymmetry,
while the other remains chemically decoupled from the thermal bath with its baryon content
frozen. After sphaleron switchoff the decay of the decoupled particles inject in the thermal
plasma an unbalanced baryon asymmetry, giving rise to baryogenesis. We highlight the
features of this mechanism in a type-I seesaw model extended by adding a new colored scalar
coupled to the heavy Majorana neutrinos. If the colored scalar has an O(TeV) mass, it would
leave at the LHC a characteristic signature throughout all layers of the detectors.
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1 Introduction
The Cosmic baryon asymmetry [1, 2] represents an indisputable evidence for physics beyond
the standard model (SM), and suggests that in the early Universe new physical degrees of
freedom must have been at work.
In the SM baryon (B) and lepton (L) number are violated only by the B−L conserving
electroweak (EW) sphalerons. In the early Universe the rates for these processes attain ther-
mal equilibrium at T ∼ 1012 GeV, and remain in equilibrium until the EW phase transition
at around T ∼ 102 GeV. Any B−L asymmetry generated for example by out-of-equilibrium,
B − L and CP violating interactions [3], and surviving within this temperature range, will
then unavoidably result in a net B asymmetry. This mechanism is at the basis of the standard
type-I seesaw [4–11] leptogenesis [12] as well as of its variants [13, 14]. Among these variants
two realizations are particularly intriguing. In the first one, the so-called purely flavored lep-
togenesis (PFL) [15–17], the total CP asymmetry in lepton number in the decays of the heavy
Majorana neutrinos vanishes exactly. Leptogenesis can still proceed thanks to non-vanishing
CP asymmetries in the single lepton flavors, and thanks to the fact that washouts violate
total lepton number acting differently along the different flavor directions [15, 18, 19]. A
non-vanishing total B−L asymmetry can then result, provided all lepton-flavor-equilibrating
processes remain out of equilibrium [20]. Another interesting variant is the so-called Dirac
leptogenesis scenario, which can yield successful baryogenesis through leptogenesis even if L
remains perturbatively conserved [21–26]. In Dirac leptogenesis [21–25] heavy particle decays
generate two equal in size and opposite in sign L asymmetries in the left-handed (LH) lepton
doublets and in light right-handed (RH) neutrinos. While lepton doublets participate in EW
sphaleron reactions, the RH neutrino singlets do not. The L asymmetry stored in the LH
leptons is then partially converted into a B asymmetry through sphalerons interactions. In
contrast, as long as the RH neutrinos remain decoupled from the thermal bath, the corre-
sponding L asymmetry remains unchanged. If decoupling holds until temperatures below
EW sphaleron freezout then, although globally B − L = 0, a non-vanishing B asymmetry
results.
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Baryogenesis could also proceed via the out-of-equilibrium, C, CP and B violating
decays of heavy particles, provided L is conserved in order to guarantee proton stability
(see e.g. [27]). It is interesting to see if such a scenario also admits variants similar to the
ones mentioned above for leptogenesis, and in particular to verify if a sufficiently low scale,
accessible to direct tests, can be reached. In this paper we show that cloistered baryogenesis
does represent a viable scenario, although it can only work at a temperature scale above
∼ 107 GeV, thus remaining out of the reach of direct tests.
A baryogenesis scenario similar to PFL, that is a scenario in which the total B-violating
CP asymmetry B vanishes, is in general not viable. This is because baryon flavors, which get
fully distinguished by their respective Yukawa interactions when the temperature drops be-
low T ∼ 1011 GeV, quickly equilibrate because of intergeneration mixings, driving all baryon
flavor asymmetries to zero. Strictly speaking there is in fact a narrow temperature window
1013 GeV & T & 1011 GeV when only the Yukawa reactions for the third generation quarks
are in thermal equilibrium. A third generation baryon flavor B3 then does not necessarily
equilibrate with the orthogonal flavor combination B3⊥, so that in this window a purely fla-
vored baryogenesis scenario is conceivable. However, this appears to us as a bit cumbersome,
and we will not consider further this possibility.
The analogous of Dirac leptogenesis is instead a rather interesting possibility. That is,
we conceive a baryogenesis scenario in which the decays of a heavy particle do not violate
either L or B, but an asymmetry is still generated directly in baryon number. Essentially,
two body B conserving decays generate equal in size and opposite in sign B asymmetries in
two different sectors. The first one (the “active” sector) is coupled — directly or indirectly
— to EW sphalerons. The second one remains (chemically) decoupled from the thermal
bath at least until EW sphalerons switchoff, and we will refer to it as the uncommunicated
or “cloistered” sector. The initial B asymmetry stored in the active sector gets partially
converted into a L asymmetry, so that its net value changes, while the B asymmetry stored
in the cloistered sector remains unaffected. After the EW phase transition heavy particles
of the cloistered sector decay, injecting their (unbalanced) baryon asymmetry in the thermal
bath, giving rise to baryogenesis. Because of the crucial role played by the uncommunicated
sector, we will refer to this scenario as cloistered baryogenesis. This scenario is in fact similar
in many aspects to the so-called WIMPy baryogenesis scenario [28–30] in which, however,
the baryon asymmetry is generated from dark matter annihilation instead than from heavy
particle decays.
Table 1 resumes, for the sake of illustration, the leptogenesis mechanisms that we have
briefly discussed and the corresponding baryogenesis variants.
In this paper we show that cloistered baryogenesis represents a viable scenario. We
implement this mechanism in a simple extension of the type-I seesaw that was recently put
forth in ref. [31]. In this setup, the heavy RH neutrinos N couple to the SU(2) singlets up-
type quarks u, and to a new colored scalar u˜ which, given that N is a gauge singlet, carries
the same gauge quantum numbers than u. In general this scenario is not phenomenologically
tenable because both B and L are violated and the nucleon is unstable. However, this can
be solved by imposing exact baryon number conservation.
The rest of the paper is organized as follows. In section 2 we derive a lower bound on
the scale of cloistered baryogenesis. In section 3 we describe the model and we discuss its
phenomenological consistency. In section 4 we discuss baryogenesis within this setup, and
derive the chemical equilibrium conditions and the Boltzmann equations for baryogenesis. In
section 5 we highlight the role played in cloistered baryogenesis by hypercharge, and finally
in section 6 we present our conclusions.
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Lepton sector Baryon sector
∆L 6= 0 Leptogenesis 4 ∆B 6= 0 Direct baryogenesis 4
L = 0 PFL 4 B = 0 T . 1011 GeV 8
∆L = 0 Dirac leptogenesis 4 ∆B = 0 Cloistered baryogenesis 4
Table 1. Different mechanisms for baryogenesis. The left-hand side lists mechanisms in which the
matter-antimatter asymmetry is seeded first in the lepton sector, and B is perturbatively conserved.
The right-hand side lists the equivalent mechanisms in which the asymmetry is seeded first in the
baryon sector. In the second row L = 0 and B = 0 refer respectively to vanishing total L and B
violating CP asymmetries. The first two mechanisms in the baryon sector require perturbative L
conservation to ensure proton stability. This is not required for cloistered baryogenesis in the third
row. The check-mark indicate the viability of the corresponding scenario.
2 The temperature scale for cloistered baryogenesis
In this section we show that assuming a non degenerate RH neutrino spectrum, we can derive
a lower bound on the temperature that allows for successful cloistered baryogenesis. This
bound follows from the interconnections between the CP asymmetry and the requirement
that the cloistered sector will remain uncommunicated with the active sector. While we will
be interested in the case in which a Majorana RH neutrino decays in a SM u-type quark
and in the complex conjugate of a new scalar u˜ of equal baryon charge, the argument can be
presented in a more general form.
Let us consider a generic U(1)B invariant interaction between two self conjugate particles
Xi = X
c
i (i = 1, 2) and other two fields Y and Z carrying opposite U(1)B charges
L =
∑
i=1,2
giXi Y Z + H.c. , (2.1)
with g1 and g2 two relatively complex parameters Arg(g
∗
1g2) 6= 0. In general, the Xi can
be Majorana fermions, with Y and Z a pair of complex scalar and fermion (as in standard
leptogenesis) or alternatively Xi could be real scalars and Y, Z a pair of fermions or a pair of
complex scalars (as in soft leptogenesis [32–34]). In the first two cases gi are dimensionless
couplings, while in the last case they have mass dimension one. Let us now assume the mass
ordering MX2 > MX1 > MY +MZ so that the decays X1 → Y Z, Y¯ Z¯ can occur. In general
this decay is CP violating, which implies a nonvanishing CP asymmetry in the number of Y
and Z particles and antiparticles. This means that B asymmetries in the particle species Y
and Z that are equal in size and opposite in sign are generated.
Let us now assume that Y has in-equilibrium chemical reactions with other particles in
the thermal bath, while Z does not, and let us further assume that X1 decays occur before
EW sphaleron freezout. The B asymmetry carried by the Y ’s (∆BY ) gets distributed between
all SM particles, and because of the partial conversion in a L asymmetry through sphaleron
interactions, its overall value is changed ∆BSM 6= ∆BY . In contrast, the B asymmetry
carried by the Z’s (∆BZ) will not change, so that eventually a net total asymmetry given by
∆B = ∆BSM + ∆BZ arises. After EW sphalerons freezout the Z’s decay into SM particles
(via B conserving decay modes) and this gives rise to baryogenesis.
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The CP asymmetry between the number, say, of Y baryons and Y¯ anti-baryons produced
in X1 decays is defined as
X1 =
γ (X1 → Y Z)− γ
(
X1 → Y¯ Z¯
)
γtot
, (2.2)
where the γ’s are thermally averaged decay rates (γtot is the thermally averaged total decay
width). X1 can be computed from the interference between tree-level and one-loop vertex
and wave-function diagrams. For the decays of Majorana fermions into a fermion/scalar pair
we have, assuming MX1 MX2 [35]:

(fs)
X1
' −|g2|
2
8pi
MX1
MX2
sinφ , (2.3)
with φ = Arg
[
(g∗1 g2)2
]
. For the two other cases of scalar X particles decaying into fermion
pairs or scalar pairs, we have respectively:

(ff ′)
X1
' −|g2|
2
8pi
M2X1
M2X2
sinφ , (2.4)

(ss′)
X1
' − 1
8pi
|g2|2
M2X2
sinφ . (2.5)
In order to maximize the CP asymmetries we set sinφ ∼ 1. We see that in all three cases the
asymmetries increase with the value of g2. This coupling, however, cannot become arbitrarily
large because X2 mediated Y Z ↔ Y¯ Z¯ scatterings would enforce equilibrium for the Y and Z
chemical potentials µY + µZ = 0 rendering cloistered baryogenesis ineffective. For the three
cases at hand, the 2↔ 2 scattering rates read:
γ(fs)(Y Z ↔ Y¯ Z¯) ' 1
pi3
T 3
M2X2
|g2|4 → 64
pi
MX1
(

(fs)
X1
)2
, (2.6)
γ(ff
′)(Y Z ↔ Y¯ Z¯) ' 1
pi3
T 5
M4X2
|g2|4 → 64
pi
MX1
(

(ff ′)
X1
)2
, (2.7)
γ(ss
′)(Y Z ↔ Y¯ Z¯) ' 1
pi3
T
M4X2
|g2|4 → 64
pi
MX1
(

(ss′)
X1
)2
, (2.8)
where the limiting expressions hold for T → MX1 . We see that in all three cases the equi-
librating scattering rates are proportional to the square of the respective (maximum) CP
asymmetries. Requiring that around T ∼MX1 these scatterings are out of equilibrium, that
is γ(Y Z ↔ Y¯ Z¯) <∼ H(MX1) where H(MX1) ∼ 17M2X1/MPlanck parameterizes the Universe
expansion rate, yields
MX1 & 1019 × 2X1 GeV . (2.9)
Given that values of the CP asymmetry smaller than X1 ∼ 10−6 could hardly explain the
observed baryon asymmetry, eq. (2.9) impliesMX1 & 107 GeV, which constitutes a necessary
condition for successful cloistered baryogenesis.1
1Similar arguments have been used in [36] to derive numerically a bound on the mass of the lightest RH
neutrino in the inert doublet model.
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3 General considerations
In the type-I seesaw model, the SM fermion sector is extended by introducing heavy Majorana
neutrinos. We assume three of them, and we denote by N the RH components N = NR while
N c = N cL will denote the LH components. Besides a Majorana bilinear (mass) term N¯
cN one
can also construct a set of new fermion bilinears by coupling the Majorana neutrinos with
the SM fermions as χ¯N , where χ denotes any left-handed SM field: `, Q, ec, uc or dc (the
SM RH fields are denoted as χc = `c, e, Qc, d, u). The only bilinear that can be coupled in
a gauge and Lorentz invariant way without introducing additional new fields is ¯`N because
it can be coupled to the Higgs field H˜ = iσ2H
∗ giving rise to a SU(2)×U(1) invariant. The
seesaw Lagrangian, which contains precisely this term, reads:
−LSeesaw = `λNH˜ + 1
2
NcMNN + H.c. . (3.1)
Henceforth we denote matrices and vectors in boldface, so e.g. NT = (N1, N2, N3) while λ
and MN are 3 × 3 matrices in flavor space and, without loss of generality, we assume that
the seesaw Lagrangian eq. (3.1) is written in the basis in which MN and the charged leptons
Yukawa matrix are both diagonal with real and positive entries.
Following ref. [31], by introducing new scalar fields χ˜ we can construct other invariants
involving N and the remaining SM fermions Q, ec, uc or dc. Clearly, since N is a gauge singlet,
the gauge quantum numbers of χ˜ must match the quantum numbers of the corresponding
gauge non-singlet fermions. In general, once these new scalars are introduced, new operators
beyond those involving the Majorana neutrinos can be constructed by coupling χ˜ to SM
fermions bilinears. The resulting new Lagrangian thus has the general form [31]:
−Lχ˜ = χηN χ˜+
∑
χc χ′
χc y χ′ χ˜+ H.c. , (3.2)
where η and y are two 3 × 3 matrices of Yukawa couplings. In the first term it is left
understood that different types of scalars have different couplings η = ηχ˜, while in the
second term there are different couplings also for different SM fermion bilinears y = yχ
cχ′
χ˜ .
Among the various possibilities, those involving the new scalar fields ˜`, e˜ or Q˜ (one at
the time) allow for consistent baryon number assignments for which the η and y couplings
conserve U(1)B [31]. In contrast, the inclusion of either u˜ or d˜ yields B and L breaking
operators and thus, in their general form, these possibilities yield fast nucleon decay. Nev-
ertheless, as we will discuss below, it is still possible to construct viable models by imposing
global U(1)B conservation as an additional symmetry at the Lagrangian level.
3.1 Adding a SU(2) singlet up-type colored scalar
Let us now study a scenario in which a scalar field u˜ with the same gauge quantum numbers
than the RH up-type quarks is added to the SM plus the seesaw. The relevant new Lagrangian
terms are:
−Lu˜ = uc ηN u˜∗ + dc y d u˜+ H.c. . (3.3)
By assigning conventionally L = 0 to the RH neutrinos, eq. (3.3) conserves lepton number.
However, the two terms in (3.3) cannot be made both U(1)B invariant by any choice of
the baryon charge for u˜, since the first term requires B(u˜) = +1/3, while the second one
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requires B(u˜) = −2/3. The simultaneous presence of L and B violating terms allows the
construction of operators that lead to nucleon (N = n, p) decays. For example, after EW
symmetry breaking, the mixing between the heavy sterile and light active neutrinos results
in the ∆B = ∆L = 1 dimension six operator
O6 =
√
mν
MN
η y
m2u˜
(
dc d
)
(νc u) , (3.4)
where mν denotes the light neutrino mass scale, which induces the decay N → piν. The
nucleon lifetime can be estimated as:
τN ∼ 1032
(
10−17
η y
)2(
MN
108 GeV
)( mu˜
1 TeV
)4(0.1 eV
mν
)
yrs , (3.5)
to be compared with the current bounds τp→pi+ν > 0.25 × 1032 yrs and τn→pi0ν > 1.12 ×
1032 yrs [37]. So, if we want to keep the u˜ mass around the TeV (to allow for its possible
direct production) we see that even pushing the RH neutrino masses MN  108 GeV, the
extremely tiny size required for the couplings would render this scenario highly unnatural.
Nucleon stability can however be guaranteed if, by imposing global U(1)B conservation, one
of the two terms in Lu˜ is eliminated.2 In the rest of the paper we assume B(u˜) = +1/3 and
thus we drop the second term in eq. (3.3).
4 Cloistered baryogenesis
The presence of the new interactions in (3.3) open a new channel for RH neutrino decays:
Ni → uau˜∗.3 Despite being B conserving, as long as u˜ remains (chemically) decoupled from
the thermal bath this decay can provide a mechanism for baryogenesis. Note that once the
lightest RH neutrino mass is fixed to satisfy MN1 ∼ O(107 GeV), standard N1 leptogenesis
can no longer generate a sizable B − L asymmetry because the CP asymmetry is way too
small.4
For simplicity, let us now assume that the branching ratio for N1 → `αH is much smaller
than N1 → uau˜∗ so that to a good approximation the CP asymmetry can be normalized
to the sum of the N1 hadronic decays alone. In short, we assume that while the seesaw
Lagrangian still accounts for neutrino masses and mixings, it does not have any role in
baryogenesis. Figure 1 illustrates how baryogenesis can proceed in our scenario. Initially the
CP violating out-of-equilibrium N1 decays produce equal and opposite sign B asymmetries
in the up-type quarks (ua) and in the colored scalars (u˜), that we respectively denote as ∆Bu
and ∆Bu˜. In the temperature range when the decays occur (T ∼ 107 GeV), EW sphaleron
processes are in thermodynamic equilibrium but, if the u˜’s remain decoupled from the hot
2Note that one could also ensure nucleon stability by imposing global U(1)L conservation while allowing
for explicit B violation. The resulting setup can allow to generate a B asymmetry through out-of-equilibrium
C, CP and B violating decays of N , without the assistance of EW sphalerons. However, in this case one has
to give up the possibility of light active Majorana neutrinos.
3Whenever necessary we will use Latin indices i, j, . . . to label RH neutrino generations and a, b, . . . to
denote quark flavors, while lepton flavors will be denoted by Greek indices α, β, . . . .
4Let us recall that in the temperature regime T ∼ 107 GeV there are no directions in flavor space that
remain protected from N1 washouts, and if N1 couples sizeably to all flavors (i.e. |λα1|2v2/MN1 ≥ 10−3 eV) any
pre-existing asymmetry will be erased [38]. In this case our mechanism for baryogenesis could be particularly
relevant. Alternative possibilities for baryogenesis with MN1 ∼ O(107 GeV) include scenarios based on N2
leptogenesis [39], resonant leptogenesis [40, 41], and models with slightly broken L [42, 43].
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L¯3
L¯2
L¯1
∆BSM
∆L
∆Bu˜
Initial stage Final stage
Figure 1. Sketch of the cloistered baryogenesis mechanism. The equal and opposite sign B asymme-
tries respectively in u and u˜ in the initial stage are denoted by ∆Bu,u˜. At EW sphaleron decoupling
the B asymmetry in SM particles ∆BSM is no longer equal in magnitude to the opposite sign asym-
metry ∆Bu˜ due to the EW sphaleron processes which transfer part of the initial ∆Bu to the lepton
sector. A net non-vanishing asymmetry ∆BSM + ∆Bu˜ 6= 0 then results.
plasma until EW sphaleron switchoff, the asymmetry ∆Bu˜ remains unaffected. In contrast,
as long as the u Yukawa couplings reactions and/or QCD sphalerons interactions are in
thermal equilibrium, ∆Bu gets first transferred to the LH quarks and eventually is partially
transformed into a ∆L asymmetry by EW sphalerons. As a result, after EW sphaleron freeze
out at Tfo ≈ 80 GeV + 0.45mh ∼ 135 GeV [44, 45] (for mh = 125 GeV [46, 47]), a net non-
vanishing B asymmetry ∆BSM +∆Bu˜ 6= 0 is obtained, although at this stage the total B−L
asymmetry still vanishes ∆BSM + ∆Bu˜ −∆L = 0 (final stage in figure 1).
Now, given that astrophysical arguments rule out the possibility of cosmologically stable
heavy colored particles [48], u˜ must eventually decay. It is a feature automatically embedded
in our model that they can do so only after EW symmetry breaking, that is when the baryon
asymmetry they release cannot be affected any more by sphaleron interactions. Decays occur
because the Dirac entries in the seesaw neutrino mass matrix, which are proportional to the
vev of the Higgs field, induce N -ν mixing, and this opens up the decay u˜→ uν. The last step
of baryogenesis thus occurs after EW symmetry breaking when ∆Bu˜ is released in the plasma.
This asymmetry remains largely unbalanced by the baryon asymmetry already present (see
section 4.2) and in this way a net cosmological baryon asymmetry results.
4.1 The viability of B-conserving baryogenesis
The CP asymmetry in N1 decays arises from the interference between the tree-level decay
and the one-loop vertex and wave function corrections, as shown in figure 2. Assuming a
hierarchical RH neutrino mass spectrum (MNi < MNj for i < j), summing over quark flavors
and taking into account color factors, the CP asymmetry between the number of u˜ and u˜∗
scalars produced in N1 decays is
u˜N1 ' −
1
4pi
1
(ηη†)11
∑
j 6=1
Im
[(
ηη†
)2
1j
]
MN1
MNj
. (4.1)
In addition to a sufficiently large CP asymmetry, the success of cloistered baryogenesis re-
quires that the following three conditions are satisfied:
(i) the decays ΓN1 ≡ Γ(N1 →
∑
a uau˜
∗) should occur out of equilibrium, and the rate for
the N1 semileptonic decays should satisfy Γ(N1 →
∑
α `αH
∗) < ΓN1 ;
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N1
ua
u˜∗
N1
ub
u˜∗
Nj
u˜∗
ua
N1
ub
u˜∗
Nj
ua
u˜∗
Figure 2. Tree-level and one-loop vertex and wave function corrections Feynman diagrams responsible
for the CP asymmetry in the colored scalar scenario.
(ii) the scalars u˜ should remain chemically decoupled from the thermal bath (of course
strong interactions will keep them in kinetic equilibrium);
(iii) the decays u˜ → uν, which eventually fix the final amount (and sign) of the baryon
asymmetry, should occur well before the Big Bang Nucleosynthesis (BBN) era.
All together these conditions enforce constraints on the relevant model parameters.
Condition (i) is satisfied provided that ΓN1 =
3
8pi |ηa1|2MN1 is smaller than the Universe
expansion rate at z ≡MN1/T ∼ 1, which implies
|ηa1| . 1× 10−5
(
MN1
107 GeV
)1/2
. (4.2)
Here and henceforth we normalize the RH neutrino mass to 107 GeV, as suggested by the
condition for successful baryogenesis discussed in section 2.
Condition (ii) implies specific requirements on the rates of the s and t channel scattering
process uau˜
∗ ↔ u¯bu˜, on the (inverse) decay rates of the heavier RH neutrinos uau˜∗ → N2,3 ,
and on the rates of the three-body decays u˜→ `αH ua:
• N2,3 mediated s and t channel 2 ↔ 2 scatterings. As argued in section 3, 2 ↔ 2
processes can place tight constraints on baryogenesis. The role played in our specific
case by N2,3 mediated ua u˜
∗ ↔ u¯b u˜ scatterings can be readily understood from the one-
loop diagrams in figure 2, since they involve the same couplings as the 2↔ 2 reactions.
Requiring that these reactions are out of equilibrium enforces constraints on the ratio
between the Yukawa couplings and the heavier neutrino masses, and in turn this can
imply a too large suppression of the CP asymmetries. Considering for definiteness only
N2 and one single channel, the ua u˜
∗ ↔ u¯b u˜ scattering rate is approximately given by
Γ(ua u˜
∗ ↔ u¯b u˜) ' 1
pi3
M3N1
M2N2
|ηa2|2 |ηb2|2 , (4.3)
and demanding that this reaction to be decoupled at z ∼ 1, implies the following
constraint on the Yukawa couplings:
|ηa2| |ηb2| . 2× 10−5
(
MN2
MN1
) (
MN1
107 GeV
)1/2
. (4.4)
The analogous limits for N3 mediated reactions are obtained by substituting ηa2 → ηa3
and MN2 →MN3 .
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• N2,3 inverse decays: at T ∼ MN1  MN2,3 , N2,3 inverse decays are Boltzmann sup-
pressed, but one has to ensure that this suppression is sufficient to avoid depleting
the asymmetry from N1 decays. The thermally averaged inverse decay rate can be
approximately written as
γ(ua u˜
∗ → N2,3) ' Γ(N2,3 → ua u˜∗)
(
MN2,3
MN1
)3/2
e
−MN2,3/T . (4.5)
In terms of the RH neutrino masses and Yukawa couplings, the condition γ(ua u˜
∗ →
N2,3) . H(z ∼ 1) translates into
|ηa(2,3)| . 1.5× 10−5
(
MN1
MN2,3
)5/4 ( MN1
107 GeV
)1/2
e
MN2,3/2MN1 . (4.6)
For example, by taking MN1 = 10
7 GeV and MN1/MNj = 0.04, we obtain |ηaj | .
7× 10−2. Because of the exponential factor, as soon as the ratio MN1/MNj falls below
∼ 10−2 this constraint becomes completely irrelevant with respect to the constraints
from 2↔ 2 scatterings eq. (4.4), which are only power suppressed.
• Three-body decays: already above the EW symmetry breaking scale, the colored scalars
can decay via the RH-neutrino-mediated three body channel u˜→ ua `αH. If sufficiently
fast, this process would spoil the generation of the baryon asymmetry because ∆Bu˜ is
re-injected in the thermal bath too early, that is when EW sphalerons are still active.
This decay channel, however, involves not only the η couplings but also the parameters
responsible for neutrino masses and mixings λ. The corresponding constraint reads
|λαj | |ηaj | . 2× 10−3
(
Tfo
135 GeV
)(
MNj
107 GeV
)(
1 TeV
mu˜
)3/2
. (4.7)
For O(MNj ) ∼ 107 GeV consistency with a neutrino mass scale below, say, a few tenths
of eV already requires |λ| . 10−3, so that the constraint eq. (4.7) is easily satisfied and
basically of no importance.
After EW symmetry breaking the active-RH neutrino mixing induces the decays u˜ →
ua ν which release the asymmetry ∆Bu˜ in the thermal bath. Condition (iii) requires that
these decays occur at temperatures safely above the temperature where the n/p ratio freezes
out and BBN starts. Note that BBN constraints on hadronically decaying massive parti-
cles [49] assume in general that no baryon asymmetry is generated in these decays, and thus
involve a different type of effects. In our case the requirement that has to be imposed is
that the correct value (and sign) of the baryon-to-photon ratio is established as the initial
condition for BBN. This yields the following constraint:
|ηaj | & 3× 10−4
(
TBBN
10 MeV
) (
MNj
107 GeV
)1/2 (0.1 eV
mν
)1/2 (1 TeV
mu˜
)1/2
. (4.8)
Note that the out-of-equilibrium condition require the ηa1 couplings to be smaller than ∼
10−5 (see eq. (4.2)). As shown in eq. (4.4), constraints on the ηa(2,3) couplings are much
weaker, implying that u˜ → uaν decays can occur at a sufficiently early stage thanks to the
contributions from ν − N2,3 mixing. For example, fixing the ηa(2,3) ∼ 0.03 and MN(2,3) ∼
108 GeV, one obtains for the colored scalar a mean lifetime τu˜ ∼ 10−4 section which ensures
that all u˜ will have decayed much before BBN.
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4.2 Chemical equilibrium conditions and kinetic equations
A more quantitative analysis of cloistered baryogenesis requires writing down the relevant
Boltzmann equations, while taking into account the chemical equilibrium conditions enforced
by those reactions that, in the range of temperatures relevant for the production of ∆BSM and
∆Bu˜, are faster than the Universe expansion rate. In the following we fix this temperature
at T ∼ 107 GeV that, as was discussed in section 2, within our scenario is the lowest value
compatible with successful baryogenesis.
We start by recalling some well known relations and by introducing notations. The
number density asymmetry of bosons and fermions ∆nb,f ≡ nb,f − n¯b,f is related to the
corresponding chemical potentials µb,f . In the relativistic limit (mb,f  T ) and at first order
in µb,f/T  1 the corresponding relations read:
∆nb =
T 3
3
(µb
T
)
, ∆nf =
T 3
6
(µf
T
)
. (4.9)
Note that above we have defined ∆nb,f as particle number asymmetries for degree of freedom.
Then the number of degrees of freedom gb,f of each particle has to be taken into account
when constructing global asymmetries for example in baryon or in lepton number. To remove
the effect of the expansion of the Universe it is customary to normalize the particle number
densities to the entropy density s = g?
(
2pi2/45
)
T 3 i.e. Y∆n = Yn− Yn¯ ≡ ∆n/s. In principle,
for each non-self conjugate particle there is one chemical potential. However, the overall
number of independent chemical potentials is drastically reduced by the different constraints
imposed by the chemical equilibrium conditions and/or conservation laws, and eventually it
turns out to be equal to the number of conserved charges. We follow ref. [20] and adopt
the notation X ≡ µX , where X is either a SM field or u˜ and µX its corresponding chemical
potential. The constraints on the chemical potentials are:
1) Chemical potentials for the gauge bosons vanish W = B = g = 0 and hence all the
particles belonging to the same SU(3)C or SU(2)L multiplets have the same chemical
potential [50].
2) The Yukawa reactions for the second and third generations of SM fermions are in thermo-
dynamic equilibrium. For simplicity we assume equilibrium also for the first generation
(numerical differences do not exceed the ten percent level [51]). Also, intergenerational
quark mixing ensures Qa = Q, so we get:
`α − eα −H = 0 (α = e, µ, τ) , (4.10)
Q− ua +H = 0 (ua = u, c, t) , (4.11)
Q− da −H = 0 (da = d, s, b) . (4.12)
3) Equilibrium of EW sphaleron interactions yields
9Q+
∑
α
`α = 0. (4.13)
4) In terms of chemical potentials, the condition of cosmological hypercharge neutrality∑
X YXgX∆nX (with YX the X-particle hypercharge and gX its number of degrees of
freedom) translates into:
3Q+
∑
a
(2ua − da)−
∑
α
(`α + eα) + 2H + 4u˜ = 0 . (4.14)
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Note that when all quarks Yukawa reactions are assumed to be in thermodynamic equilib-
rium QCD sphalerons do not impose an independent constraint [51]. All in all, the initial
15 chemical potentials ua, da, eα, `α, Q,H, u˜, are reduced to 4 by the 9 + 1 + 1 = 11 condi-
tions implied by 2), (3 and 4, namely, by eqs. (4.10)–(4.12), (4.13) and (4.14). As mentioned
above, this could have been expected simply from symmetry considerations. In the approxi-
mation in which the N1 ↔ uau˜∗ reactions are completely out of equilibrium, there are four
conserved charges corresponding to global U(1)u˜
5 and to the three global U(1)∆α where
∆α ≡ ∆BSM/3 − ∆Lα. Hence the normalized number density asymmetries of all particle
species can be expressed in terms of the asymmetries in the four charges Y∆u˜ and Y∆α . We
obtain:
Y∆`α = −
3
79
Y∆u˜ +
16
711
Y∆(BSM−L) −
1
3
Y∆α , Y∆ua = −
12
79
Y∆u˜ − 5
237
Y∆(BSM−L) ,
Y∆eα =
10
79
Y∆u˜ +
52
711
Y∆(BSM−L) −
1
3
Y∆α , Y∆da =
14
79
Y∆u˜ +
19
237
Y∆(BSM−L) ,
Y∆Q =
1
79
Y∆u˜ +
7
237
Y∆(BSM−L) , Y∆H = −
26
79
Y∆u˜ − 8
79
Y∆(BSM−L) , (4.15)
where Y∆(BSM−L) =
∑
α Y∆α . It is important to note, as could be readily verified from the
previous relations, that since the hypercharge condition eq. (4.14) is different from the SM
case because of the presence of the contribution from the u˜ scalars, the relation between the
amount of baryon asymmetry and B − L asymmetry stored in SM particles is also changed,
and reads
Y∆BSM =
28
79
Y∆(BSM−L) +
12
79
Y∆u˜ , (4.16)
where the first term on the RH side is the usual SM result, while the second is new.
Now, the dynamical equations for baryogenesis get largely simplified in the approxima-
tion in which N ↔ `αH interactions are neglected, and we will adopt this approximation in
the last part of this section. Although at T ∼ 107 GeV the three lepton flavors are neatly
distinguished by their Yukawa interactions [15, 18, 19], in this approximation all dynamical
processes become symmetric under a relabeling of the lepton flavor index α, and this means
that the asymmetries Y∆α evolve in the same way and must be equal at all times. Thus we
can simply set Y∆α =
1
3Y∆(BSM−L). Another simplification stems from the fact that at this
stage the total B − L is a conserved quantity, that is
Y∆(BSM−L) + Y∆u˜ = 0 , (4.17)
where the second term in the RH side is the contribution to total ∆B from the u˜ scalars.
Eq. (4.17) implies that to estimate the baryon asymmetry yield of cloistered baryogenesis is
sufficient to solve a system of just two Boltzmann equations:
Y˙N1 = −(yN1 − 1) γN1 , (4.18)
Y˙∆u˜ = (yN1 − 1)u˜N1 γN1 +
1
2
(y∆u − y∆u˜) γN1 , (4.19)
where γN1 denotes the thermally averaged N1 decay rate, the time derivative is defined as
Y˙ ≡ sHz dY/dz, the density asymmetries have been normalized as y∆u˜ = Y∆u˜/Y Eqb and
5Note that the presence of a global U(1)u˜ can be in fact taken as an operative definition of having u˜
decoupled from the thermal plasma.
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y∆u = Y∆u/Y
Eq
f with the respective boson and fermion equilibrium abundances Y
Eq
b =
2Y Eqf =
15
4pi2g∗ , we have dropped the RH up-type quark flavor index by setting, according
to eq. (4.15), ua = u, and finally we have neglected on-shell and off-shell contributions from
N2,3. Note that y∆u appearing in the washout term in eq. (4.19) has to be evaluated by
means of the first relation in the right side column in eq. (4.15) together with eq. (4.17).
This yields
y∆u = − 62
237
y∆u˜. (4.20)
According to eq. (4.16) and eq. (4.17), once the era of N1 decays is ended, but before
the u˜ scalars start decaying (let us say, for definiteness, at temperatures around the EW
phase transition), the amount of baryon asymmetry stored in SM particles is
Y EW∆BSM = −
16
79
Y EW∆u˜ , (4.21)
that is about 20% of the final value of Y∆u˜ but of opposite sign. However, what should be
confronted with cosmological measurements is the baryon asymmetry after all the u˜ scalars
have decayed (say, for definiteness, at temperatures around the BBN era) which is given by:
Y BBN∆B = Y
EW
∆BSM
+ Y EW∆u˜ =
63
79
Y EW∆u˜ . (4.22)
Confronting eq. (4.21) and eq. (4.22) shows that the main contribution to the present cosmo-
logical baryon asymmetry as well as its sign, are determined by the asymmetry stored in the
colored scalars u˜, which remain decoupled from the thermal bath down to temperatures well
below the EW phase transition. This asymmetry could in fact be released at temperatures
as low as O(10 MeV), right before the onset of BBN.
5 The role of hypercharge
The analysis of the previous section indicates that in our baryogenesis model the small amount
of perturbative L violation does not play any crucial role. As regards baryon number, apart
from sphaleron interactions, at the Lagrangian level it remains conserved at all stages. It
is then interesting to ask which is the fundamental charge whose asymmetry is feeding all
particle asymmetries, and eventually baryogenesis. As we will now argue, the answer is that
this role is played by the asymmetry in the total hypercharge of the SM particles.6 The
following example will help to make this point more clear. Let us assume the following setup:
• The two baryon asymmetries ∆BSM and ∆Bu˜ are generated in the out-of-equilibrium
decays of N2, with the usual condition Γ(N2 → `H) Γ(N2 → uu˜∗) .
• The N1 decay rate Γ(N1 → uu˜∗) is instead negligible, while the L violating decays and
inverse decays N1 ↔ `H, ¯`H∗ are in full thermal equilibrium.
This second assumption implies one additional condition, which should be added to the
set of chemical potential relations eqs. (4.10)–(4.13). Recalling that the Majorana states N
have vanishing chemical potential, this condition reads:
`α +H = 0 (α = e, µ, τ) . (5.1)
6That such an asymmetry could drive baryogenesis was noted already long ago in ref. [52].
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Now, from the hypercharge neutrality condition eq. (4.14) we have that the sum of the SM
particle number asymmetries weighted by the hypercharge of the corresponding particles,
and written in terms of chemical potentials, should add to −2gu˜ Yu˜ u˜ = −4u˜ (with gu˜ = 3
the color degrees of freedom of u˜, and Yu˜ = 2/3 its hypercharge), that is it should exactly
balance the amount of hypercharge asymmetry stored in the cloistered sector. The solution
of the set of chemical potential conditions eqs. (4.10)–(4.13) and eq. (5.1) is straightforward:
since all SM reactions as well as N1 ↔ `H, ¯`H∗ conserve exactly hypercharge, the chemical
potential of the SM particles must be simply proportional to the particle hypercharges:
µφ = κYφ (φ = `α, eα, Q, ua, da, H) . (5.2)
The coefficient κ can then be directly evaluated from total hypercharge conservation:
κ = − 2 gu˜ Yu˜∑
φ gφ Y2φ
u˜ . (5.3)
Note that, with a slight abuse of notation, within the sum in the denominator gH = 2 × 2
where the first factor is from the Higgs SU(2) degrees of freedom, and the second from bo-
son/fermion statistics ∆nH/∆nf = 2µH/µf . This allows us to write the chemical potentials
of all the SM particles in terms of u˜, which in turn is obtained by integrating the Boltzmann
equations (4.18) and (4.19). We thus see that even when L is violated by in-equilibrium
reactions and B is perturbatively conserved, still, in order to balance the net amount of
hypercharge stored in the cloistered sector, all SM particles carrying hypercharge develop
non-vanishing asymmetries.
6 Conclusions
We have studied a scenario where the cosmological matter/antimatter asymmetry stems from
an asymmetry in baryon number related to heavy particle decays. To ensure nucleon stability,
baryon number is imposed as a symmetry at the Lagrangian level; however, baryogenesis can
still proceed because a certain amount of baryon asymmetry generated from the B conserving
decays of heavy particles is confined into a cloistered sector that remains chemically decoupled
from the thermal bath until B + L violating sphaleron reactions are switched off. An initial
equal amount of baryon asymmetry stored in the SM sector gets instead partially transformed
into a lepton asymmetry. When the asymmetry in the cloistered sector is eventually released
into the thermal bath (in our model this can naturally occur at temperatures not far above
the onset of BBN) the unbalance between the two asymmetries gives rise to baryogenesis.
We have studied some necessary conditions to allow for successful baryogenesis within
this scenario. For example we have found that sufficiently large CP asymmetries together
with the requirement that the cloistered sector will remain chemically decoupled from the
thermal bath, require that the mass of the initial heavy decaying particles must be at least of
O ∼ 107 GeV. While this is about two orders of magnitude lower than the scale required for
successful leptogenesis, it remains well above the TeV scale, thus excluding the possibility of
direct tests at colliders.
We have implemented cloistered baryogenesis within a specific setup, based on a
straightforward extension of the standard seesaw model to which a colored scalar u˜ with
the same quantum numbers of the up-type RH quarks is added. We have illustrated in detail
the viability of this realization, we have analyzed various constraints showing that they can
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all be satisfied, we have derived the chemical equilibrium conditions that relate the SM par-
ticle asymmetries, and we have written down the kinetic equations whose solution allows to
estimate the present amount of cosmological baryon asymmetry. Finally, we have highlighted
the fundamental role played in our setup by hypercharge conservation [52].
If the new colored states which are the clue ingredient of cloistered baryogenesis have,
as we have assumed, masses of O(TeV), they would be well within the LHC reach even with
moderate luminosity, given that their production rates are governed by αs. The requirement
that they will keep decoupled from the thermal bath implies, as a specific signature, a rela-
tively long lifetime. Thus, they could be produced at the LHC in large numbers, and leave
a characteristic signature throughout all layers of the detectors, much alike the long lived
colored particles studied in [53]. The experimental observation of colored scalars with these
characteristics will clearly not suffice to identify cloistered baryogenesis as the mechanism
responsible for the cosmic baryon asymmetry, but it would certainly support this idea.
Acknowledgments
DAS wants to thank the “Laboratori Nazionali di Frascati” for hospitality during the com-
pletion of this work. DAS is supported by the Belgian FNRS agency through a “Charge´ de
Recherche” contract. CFS would like to thank the hospitality of IFPA, University of Lie`ge
where part of this work was carried out.
References
[1] WMAP collaboration, G. Hinshaw et al., Nine-Year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Cosmological Parameter Results, Astrophys. J. Suppl. 208 (2013) 19
[arXiv:1212.5226] [INSPIRE].
[2] Planck collaboration, P.A.R. Ade et al., Planck 2013 results. XVI. Cosmological parameters,
arXiv:1303.5076 [INSPIRE].
[3] A.D. Sakharov, Violation of CP Invariance, c Asymmetry and Baryon Asymmetry of the
Universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32 [JETP Lett. 5 (1967) 24] [Sov. Phys. Usp. 34
(1991) 392] [Usp. Fiz. Nauk 161 (1991) 61] [INSPIRE].
[4] P. Minkowski, µ→ eγ at a Rate of One Out of 109 Muon Decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].
[5] T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, in Proc. of Workshop on
Unified Theory and Baryon number in the Universe, O. Sawada and A. Sugamoto eds., KEK,
Tsukuba (1979), pg. 95 [Prog. Theor. Phys. 64 (1980) 1103] [INSPIRE].
[6] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, in
Supergravity, P. van Niewenhuizen and D.Z. Freedman eds., North Holland Publishing Co,
Amsterdam (1980), pg. 315 [ed. 2010] [Conf. Proc. C 790927 (1979) 315] [arXiv:1306.4669]
[INSPIRE].
[7] P. Ramond, The Family Group in Grand Unified Theories, hep-ph/9809459 [INSPIRE].
[8] S.L. Glashow, The future of elementary particles physics, in Quarks and Leptons, Carge`se
1979, M. Le´vy ed., Plenum Press, New York (1980), pg. 707.
[9] R.N. Mohapatra and G. Senjanovic´, Neutrino Mass and Spontaneous Parity Violation, Phys.
Rev. Lett. 44 (1980) 912 [INSPIRE].
[10] J. Schechter and J. W.F.Valle, Neutrino Masses in SU(2)⊗U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].
– 14 –
J
C
A
P02(2014)013
[11] J. Schechter and J.W.F. Valle, Neutrino Decay and Spontaneous Violation of Lepton Number,
Phys. Rev. D 25 (1982) 774 [INSPIRE].
[12] M. Fukugita and T. Yanagida, Baryogenesis Without Grand Unification, Phys. Lett. B 174
(1986) 45 [INSPIRE].
[13] S. Davidson, E. Nardi and Y. Nir, Leptogenesis, Phys. Rept. 466 (2008) 105
[arXiv:0802.2962] [INSPIRE].
[14] C.S. Fong, E. Nardi and A. Riotto, Leptogenesis in the Universe, Adv. High Energy Phys. 2012
(2012) 158303 [arXiv:1301.3062] [INSPIRE].
[15] E. Nardi, Y. Nir, E. Roulet and J. Racker, The Importance of flavor in leptogenesis, JHEP 01
(2006) 164 [hep-ph/0601084] [INSPIRE].
[16] D. Aristizabal Sierra, M. Losada and E. Nardi, Variations on leptogenesis, Phys. Lett. B 659
(2008) 328 [arXiv:0705.1489] [INSPIRE].
[17] D. Aristizabal Sierra, L.A. Mun˜oz and E. Nardi, Purely Flavored Leptogenesis, Phys. Rev. D
80 (2009) 016007 [arXiv:0904.3043] [INSPIRE].
[18] A. Abada, S. Davidson, F.-X. Josse-Michaux, M. Losada and A. Riotto, Flavor issues in
leptogenesis, JCAP 04 (2006) 004 [hep-ph/0601083] [INSPIRE].
[19] A. Abada, S. Davidson, A. Ibarra, F.-X. Josse-Michaux, M. Losada and A. Riotto, Flavour
Matters in Leptogenesis, JHEP 09 (2006) 010 [hep-ph/0605281] [INSPIRE].
[20] D. Aristizabal Sierra, M. Losada and E. Nardi, Lepton Flavor Equilibration and Leptogenesis,
JCAP 12 (2009) 015 [arXiv:0905.0662] [INSPIRE].
[21] K. Dick, M. Lindner, M. Ratz and D. Wright, Leptogenesis with Dirac neutrinos, Phys. Rev.
Lett. 84 (2000) 4039 [hep-ph/9907562] [INSPIRE].
[22] H. Murayama and A. Pierce, Realistic Dirac leptogenesis, Phys. Rev. Lett. 89 (2002) 271601
[hep-ph/0206177] [INSPIRE].
[23] B. Thomas and M. Toharia, Phenomenology of Dirac neutrinogenesis in split supersymmetry,
Phys. Rev. D 73 (2006) 063512 [hep-ph/0511206] [INSPIRE].
[24] B. Thomas and M. Toharia, Lepton flavor violation and supersymmetric Dirac leptogenesis,
Phys. Rev. D 75 (2007) 013013 [hep-ph/0607285] [INSPIRE].
[25] A. Bechinger and G. Seidl, Resonant Dirac leptogenesis on throats, Phys. Rev. D 81 (2010)
065015 [arXiv:0907.4341] [INSPIRE].
[26] M.C. Gonzalez-Garcia, J. Racker and N. Rius, Leptogenesis without violation of B − L, JHEP
11 (2009) 079 [arXiv:0909.3518] [INSPIRE].
[27] K.S. Babu, R.N. Mohapatra and S. Nasri, Unified TeV Scale Picture of Baryogenesis and Dark
Matter, Phys. Rev. Lett. 98 (2007) 161301 [hep-ph/0612357] [INSPIRE].
[28] Y. Cui, L. Randall and B. Shuve, A WIMPy Baryogenesis Miracle, JHEP 04 (2012) 075
[arXiv:1112.2704] [INSPIRE].
[29] N. Bernal, F.-X. Josse-Michaux and L. Ubaldi, Phenomenology of WIMPy baryogenesis models,
JCAP 01 (2013) 034 [arXiv:1210.0094] [INSPIRE].
[30] N. Bernal, S. Colucci, F.-X. Josse-Michaux, J. Racker and L. Ubaldi, On baryogenesis from
dark matter annihilation, JCAP 10 (2013) 035 [arXiv:1307.6878] [INSPIRE].
[31] C.S. Fong, M.C. Gonzalez-Garcia, E. Nardi and E. Peinado, New ways to TeV scale
leptogenesis, JHEP 08 (2013) 104 [arXiv:1305.6312] [INSPIRE].
[32] Y. Grossman, T. Kashti, Y. Nir and E. Roulet, Leptogenesis from supersymmetry breaking,
Phys. Rev. Lett. 91 (2003) 251801 [hep-ph/0307081] [INSPIRE].
– 15 –
J
C
A
P02(2014)013
[33] G. D’Ambrosio, G.F. Giudice and M. Raidal, Soft leptogenesis, Phys. Lett. B 575 (2003) 75
[hep-ph/0308031] [INSPIRE].
[34] C.S. Fong, M. Gonzalez-Garcia and E. Nardi, Leptogenesis from Soft Supersymmetry Breaking
(Soft Leptogenesis), Int. J. Mod. Phys. A 26 (2011) 3491 [arXiv:1107.5312] [INSPIRE].
[35] L. Covi, E. Roulet and F. Vissani, CP violating decays in leptogenesis scenarios, Phys. Lett. B
384 (1996) 169 [hep-ph/9605319] [INSPIRE].
[36] J. Racker, Mass bounds for baryogenesis from particle decays and the inert doublet model,
arXiv:1308.1840 [INSPIRE].
[37] Particle Data Group collaboration, J. Beringer et al., Review of Particle Physics (RPP),
Phys. Rev. D 86 (2012) 010001 [INSPIRE].
[38] G. Engelhard, Y. Grossman, E. Nardi and Y. Nir, Importance of the Heavier Singlet Neutrinos
in Leptogenesis, Phys. Rev. Lett. 99 (2007) 081802 [hep-ph/0612187] [INSPIRE].
[39] O. Vives, Flavor dependence of CP asymmetries and thermal leptogenesis with strong
right-handed neutrino mass hierarchy, Phys. Rev. D 73 (2006) 073006 [hep-ph/0512160]
[INSPIRE].
[40] A. Pilaftsis and T.E.J. Underwood, Resonant leptogenesis, Nucl. Phys. B 692 (2004) 303
[hep-ph/0309342] [INSPIRE].
[41] A. Pilaftsis and T.E.J. Underwood, Electroweak-scale resonant leptogenesis, Phys. Rev. D 72
(2005) 113001 [hep-ph/0506107] [INSPIRE].
[42] J. Racker, M. Pena and N. Rius, Leptogenesis with small violation of B − L, JCAP 07 (2012)
030 [arXiv:1205.1948] [INSPIRE].
[43] S. Blanchet, T. Hambye and F.-X. Josse-Michaux, Reconciling leptogenesis with observable
µ→ eγ rates, JHEP 04 (2010) 023 [arXiv:0912.3153] [INSPIRE].
[44] Y. Burnier, M. Laine and M. Shaposhnikov, Baryon and lepton number violation rates across
the electroweak crossover, JCAP 02 (2006) 007 [hep-ph/0511246] [INSPIRE].
[45] A. Strumia, Sommerfeld corrections to type-II and III leptogenesis, Nucl. Phys. B 809 (2009)
308 [arXiv:0806.1630] [INSPIRE].
[46] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].
[47] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].
[48] E. Nardi and E. Roulet, Are exotic stable quarks cosmologically allowed?, Phys. Lett. B 245
(1990) 105 [INSPIRE].
[49] M. Kawasaki, K. Kohri and T. Moroi, Big-Bang nucleosynthesis and hadronic decay of
long-lived massive particles, Phys. Rev. D 71 (2005) 083502 [astro-ph/0408426] [INSPIRE].
[50] J.A. Harvey and M.S. Turner, Cosmological baryon and lepton number in the presence of
electroweak fermion number violation, Phys. Rev. D 42 (1990) 3344 [INSPIRE].
[51] E. Nardi, Y. Nir, J. Racker and E. Roulet, On Higgs and sphaleron effects during the
leptogenesis era, JHEP 01 (2006) 068 [hep-ph/0512052] [INSPIRE].
[52] A. Antaramian, L.J. Hall and A. Rasin, Hypercharge and the cosmological baryon asymmetry,
Phys. Rev. D 49 (1994) 3881 [hep-ph/9311279] [INSPIRE].
[53] M.R. Buckley, B. Echenard, D. Kahawala and L. Randall, Stable Colored Particles R-SUSY
Relics or Not?, JHEP 01 (2011) 013 [arXiv:1008.2756] [INSPIRE].
– 16 –
